This study focused on the role of PhotoModeler, a closerange photogrammetry software package, in an important facet of traffic accident reconstruction-vehicle crush measurement.
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INTRODUCTION
In the accident reconstruction community, it has been known for thirty years or more that vehicle crush can be used to determine the equivalent barrier speed (EBS). Emori [1] and Campbell [2] each showed that the relationship between crush and speed is linear in nature. Additionally, Campbell [2] related vehicle crush and the vehicle's stiffness characteristics to the amount of energy absorbed; this energy can be subsequently used to compute the EBS. Campbell's work is the foundation for the equations and software used by accident reconstructionists to determine crush energy and, consequently, the EBS.
In order to get the energy from crush, the crush must first be measured. There are a variety of techniques available: tape measures, measuring poles, grids, and photogrammetry. The major problem with the first three techniques is that one is measuring against a "phantom" pre-impact boundary. The post-impact vehicle position/shape is located easily enough, but not the preimpact vehicle boundary position/shape. With these two techniques, locating the front of the vehicle prior to frontal impact could be described as an educated guess at best. But with photogrammetry, the locations of the pre-and post-impact components are both known. The technique is one where 3-D models are created of both the crushed and the exemplar vehicles. The models of the two vehicles are "superimposed" on top of one another. Crush measurements can then be established from the pre-and post-impact points of the 3-D model. An energy calculation can then be made using vehicle stiffness data and the pre-impact speed can be determined via a correlation.
The main objective of this study was to show that PhotoModeler is a suitable measurement tool for vehicle crush measurement.
This was accomplished by applying PhotoModeler plus crush equations to NHTSA controlled crash data. The consistency of the studies' results with the nominal 35 mph is the indicator of acceptability of the technique.
Two statistical analyses were performed: (1) the "within" subject design and (2) the "between" subject design. The first involved measuring the same vehicle twenty different times. This gave us a good idea of the repeatability of the experiment. The second involved measuring various types of vehicle categories (such as SUV's, Pickup Trucks, Luxury Cars, Mid-Size Cars) to examine the variability between vehicle classes.
The NHTSA photographs needed for this study's analysis are problematical to use for this work because of their poor quality and limited quantity. Therefore, this effort could not support a large sample size needed for most statistical analysis. As will be discussed later, a "bootstrapping" technique allowed statistical analyses to determine variance.
In effect, there were two experiments (the "within" and the "between") and they each had their own associated bootstrapping analysis to determine each variance.
SELECTION OF SAMPLES
As mentioned previously, photographs from NHTSA reports were used. The specific sample that was used in the "within" subjects design was of a 1998 Ford Contour (NHTSA test # 2708). The specific samples that were used in the "between" subjects design are delineated in Table 1 below. Note that these samples were selected as having sufficient quality photographs. Table 1 : Overview of vehicles used in the "between" subjects design.
PHOTOMODELER PROCEDURE

Description of the Software
PhotoModeler is a photogrammetry software package presented by EOS Systems in Vancouver, British Columbia. The specific version of PhotoModeler used in this study was version 4.0g. PhotoModeler can be used for a multitude of different measuring applications, including plant engineering, forensics, anthropology, and of course, traffic accident reconstruction. Interested readers can visit http://www.photomodeler.com for purchasing and additional information. PhotoModeler is capable of handling 2-D AR projects like accident scene measurement, and 3-D projects such as vehicle crush measurement.
Description of a Generic PhotoModeler Procedure
The first step of a new PhotoModeler project involves taking pictures of the object or scene of interest. A new project is then created using the software's Project Setup Wizard; this is where the user enters fundamental information such as location of the digitized photos, approximate size of the object, and camera information.
After that, the user marks features with a mouse on each photograph using the various tools available. Next the project is processed and PhotoModeler creates a 3-D model from the 2-D photographs. The user then gives the project dimension by scaling it. At this point, the user can extract the desired measurements from the marked features.
Camera Calibration
For use in this study, a digital Olympus C-5050 was calibrated using the embedded Camera Calibrator program in PhotoModeler. Camera calibration ensures an accurate measuring device. This particular camera was chosen because of its (relatively high) resolution (5.0 Mega pixels), its use of ordinary AA batteries (which are easily rechargeable) and its ability to hold two (2) digital storage cards (a Smart Media and a Compact Flash). The process involved taking eight (8) pictures of a special grid which was projected onto a wall. This is illustrated with Figure 1 , which is a screenshot (a depiction of what one might see on the computer screen) of the procedure. After points were marked and processed with the Camera Calibrator software, camera information such as focal length, format size, and principal point was determined as a result. Figure 2 shows the C-5050's resultant camera information.
Exemplar Modeling
The first step in the crush measurement project was to determine the year, make, and model of the subject or crushed vehicle and then locate an exemplar of that particular vehicle model at a local dealership. Several pictures from a variety of angles were then taken of the exemplar with the calibrated camera. In order for PhotoModeler to create an accurate 3-D model, every point must reside in at least two (2) photographs, preferably three (3.) The user's picture taking technique needs to reflect this requirement, hence; the pictures must overlap. Figure 3 helps to demonstrate this point. For instance, a single point like Point # 8 (which is a point on the front badge of the vehicle) must reside in three (3) different photographs (Photo 1, Photo 2, Photo 3). The camera positions were typically at the four sides and at the four corners of the vehicle, which allowed for good overlap. For scaling purposes, at least one physical measurement must be made on the exemplar. This particular measurement can be between any two distinct points on the vehicle. Normally, the length along the bottom edge of a (front) door or the wheelbase was selected for the sake of simplicity. The photos themselves were downloaded from the camera to the computer via USB cable and stored in a folder marked "Exemplar Malibu" (or whatever the vehicle model may be) on the computer's desktop for easy retrieval.
Using PhotoModeler's "Project Setup Wizard", two or three photos at a time were opened up and distinct points on the vehicle were marked and referenced on all photos. "Marking a point" entailed selecting the point tool which looks like a single "x" on the toolbar. The user would then mark a distinct point on the first photograph, such as point # 8 which is the edge of one of the stars on the Subaru badge. "Referencing a point" required the use of the referencing tool on the toolbar which resembles a double "x." Referencing "notifies" PhotoModeler of Point # 8's location on the other photos (Photos # 2 and # 3), i.e., this allows PhotoModeler to recognize that this is the same physical point in space. This procedure of marking and referencing continued until the entire exemplar was modeled. After processing and scaling, the exemplar model was exported into a .dxf format for the control point file. This step was completed in PhotoModeler, under the File menu.
Crushed Vehicle Modeling
EBS DETERMINATION
This study utilized equations put forth in Traffic Accident Reconstruction by Cooper [3] . The equations themselves are the CRASH3 model equations which are based on Campbell's work; this is how this study determined EBS (Equivalent Barrier Speed) and is the authors' preferred method.
In using this relationship, vehicle weight, width of crush, and crush coefficients are required input and must be known prior to the calculation of EBS. The first two can be determined easily; the last can be approximated or purchased.
Crush Coefficient Determination
This study made use of the CRASH3 equations for crush coefficients. After processing, points on the damaged portion of the crushed vehicle were marked and referenced. The project was processed one final time. Reference lines were established and measurements were extracted. The first task in this portion of the study was to obtain pictures of the crushed vehicles. The user could download the pictures, print them out, and digitize them via flatbed scanner, or, download and save the pictures directly. This was the procedure utilized in this study, with the exception of the vehicle examined in the "within" subjects design (a 1998 Ford Contour) . In this instance, the authors had the NHTSA report already in their possession and the photos were digitized with the scanner. The NHTSA website to visit to obtain the crash test photos ishttp://www-nrd.nhtsa.dot.gov/database/nrd-11/veh_db.html. The digitized photos were then opened into the exemplar project (saved under another name) and the .dxf control point file was opened. Control points were marked on undamaged portions of the crushed vehicle and referenced across the exemplar. Figure 4 shows a typical spreadsheet used in crush coefficient determination. This particular example is of a 2003 Mercedes E320. The needed crash test data was taken directly from the NHTSA website which was given previously. Note that the crash test data is in metric units; this is specified on the right portion of the page. These dimensions were subsequently converted to English units, which are shown on the left portion of the page. Crush coefficients A and B were easily computed with the above formulas, information from the website, and the spreadsheet.
Additionally, a sensitivity analysis for the crush coefficients was established.
This involved using various values of b o , which in turn, generated different crush coefficients. This can be seen in Figure 5 . The b o values were approximately centered around 5 mph, ranging from 4 mph to 6.25 mph. Then the average A and B were computed, which is indicated by the center of the figure. These average crush coefficients were the final values used in EBS computations.
Computing EBS
The EBS equations used in the study were:
which computes the amount of energy dissipated by crush damage, where ( ).
v the velocity of the vehicle ft g the gravitational cons t ft E the amount of energy dissipated by the crush ft lbs w the weight of the vehicle lbs
The EBS calculations for each case examined in this study were computed using spreadsheets and can be found in Appendices. Appendix A contains the "within" subject spreadsheets, and Appendix B the "between" spreadsheets. PhotoModeler provided the width of crush and c 1 through c 6 measurements for these spreadsheets.
BOOTSTRAPPING
As mentioned previously, the photographs needed for this study are limited in number due to their poor quality. The authors had quite a dilemma finding twenty (20) sets of photographs suitable for use with PhotoModeler. Since good photographs were limited in number, it was essential to find a statistical technique which focused on small samples. There are a variety of small sample techniques available to researchers. They include, but are not limited to, Bootstrapping, Jackknife, and CrossValidation. These techniques, which are very computer intensive, fall under the umbrella of Resampling Techniques. Bootstrapping is the most popular of the three, and it is the preferred technique of this study.
The Bootstrapping procedure is quite simple. Figure 6 and these bullets will help illustrate:
• Part A: Start out with an original data set, of say 20 points.
• Part B: The computer algorithm will make a copy of each point, say a billion times • Part C: All copies are placed in a "bin" and are thoroughly shuffled • Part D: From this conglomerate, bootstrap samples are extracted.
• Statistical inferences (like variance) are made on the bootstrapped samples
The bootstrapping software utilized in this study was "Resampling Stats for Excel 2.0", which is an add-in module to Microsoft Excel [4] . For this portion of the work, each set of "seed" data for the "within" and "between" subjects design was entered in an Excel worksheet (these "seed" data sets are precisely the differences found in Tables 2 and 3 .) Then resampling with replacement was selected (resampling with replacement is Bootstrapping; resampling without replacement is known as the Jackknife procedure.) 100 independent samples of the twenty data points were subsequently generated along with their associated mean and variances. Appendix C contains "within" bootstrap data; Appendix D contains the "between" bootstrap data. At the end of each of these appendices, a grand total mean and variance of the 100 samples were computed for both studies. These numbers gave rise to the statistical analysis from which the statistics of the complete study were examined.
RESULTS
WITHIN SUBJECTS DESIGN
The test vehicle's reported velocity for this segment was 34.98 mph (NHTSA test # 2708). Table 2 : Results of the "within" subjects design. proportion indicates that 55.2% of the variability is attributable to vehicle type-so the variation on the whole is split in half.
BETWEEN SUBJECTS DESIGN
Additionally, a 95% confidence interval for the within subjects design is given by:
A 95% confidence interval for the between subjects design is given by:
One could interpret the "within" CI with the following statement: "There is a .95 probability that the mean difference will fall between -2.52 mph and 2.73 mph." In other words, a discrepancy of anywhere between 2.5 mph below the actual speed and 2.73 mph above the actual speed could be realized. This is a 5.25 mph range. Conversely, one could interpret the "between" CI with the following: "There is a .95 probability that the mean difference will fall between -3.26 mph and 2.41 mph." In other words, a discrepancy of anywhere between 3.26 mph below and 2.4 mph above the actual speed could be realized. This is a 5.67 mph range. 476458 -0.35175 -0.20174 -0.56057 -0.56057 -0.19382 -0.193823157 -0.56057 -0.73981 -1.03263 0.476458 -0.20174 -0.16766 -0.38112 -0.16766 -1.03263 -0.73981 -1.006171272 2.448286 -0.35175 -0.19382 T h e A c t u a l B e t w e e n 
